Abstract. Three-dimension (3D) digitization of human face is of great value for medical plastic surgery, video making, virtual reality, and so on. Subject to the restriction of 3D scanning equipment, a single angle of scanning measurement only obtains partial information of a face. In this paper, a multi-Kinect measurement system was proposed for the scanning of human face from multiple angles simultaneously. Firstly, different sides of human face point clouds scanned by three Kinect sensors were registered by an ICP algorithm to form a full human face point cloud. Then, a bilateral filtering algorithm was refined to remove noise in the point cloud. Finally, a point feature histogram and a refined shared nearest neighbor cluster algorithm were applied to improve the iterative speed and efficiency of the ICP algorithm. Experiment shows that the refined point cloud registration algorithm is efficient for 3D digitization of full human face.
Introduction
As an identification of human beings, face plays an important role in various areas of social practices. With the development of science and technology, three dimension (3D) technology is becoming more and more popular in many applications like stereo video, virtual reality, and entertainment. 3D digitization of face produces third dimensional information of face range, which cannot be obtained from two-dimension pictures. By using 3D data of human face, computer programs can produce higher accuracy of human identification compared with traditional 2D identification software [1] .
Kinect [2] is a three-dimensional scanning tool based on the principle of laser speckle, and depth information of an object is obtained through the time of flight (TOF). It has some advantages such as low cost, high precision, high efficiency, and simple operation. Then it has been regarded as a majority access tool to obtain human face point cloud. However, subject to the equipment's perspective and the size of the measured object size restrictions, one Kinect can't complete the full face three-dimensional digitization precisely. A multi-Kinect measurement system was proposed in this paper.
Researchers have proposed many methods of point cloud registration [3] [4] [5] [6] [7] [8] [9] . These methods can be divided into three categories: registration of marked points, unlabeled registration, and ICP algorithm. Yang et al. [5] proposed a three-dimensional point cloud mosaic algorithm based on common points, but the method requires that mark points were affixed to the object surface. It destroyed the original texture of object surface. Wu [6] conducted a three-dimensional point cloud registration technology without marking points, using geometric features and texture features directly register. It is suitable for geometric features and texture effects of ideal situation. ICP algorithm [7] can produce better registration of point cloud, but it requires initial registration position and runs iteratively with long time. Zuo et al. [8] proposed an iterative minimum spatial distribution entropy method based on the concept of entropy in the information theory, and the algorithm runs faster, but the precision is not high. Li et al. [9] proposed an improved method based on a KD-Tree algorithm to register tree point cloud. Although it produces high registration accuracy, it consumes much time.
In this paper, a new algorithm of point cloud registration was proposed. Firstly, a PFH algorithm [10] was used to find initial coordinate transformation parameters. After two groups of point clouds were roughly registered, a RSNN algorithm [11] was introduced to speed up the search of nearest point to refine registration. Finally, the refined algorithm was applied to complete full human face point cloud registration.
Scheme of the Experimental System
The construction of the experimental system is shown in Fig. 1 . Human head was in the center of the system, and three Kinect sensors were placed towards three sides of human face at the same level with about 0.3m interval. And the three Kinect sensors were all placed at about 1.2m away from the human face. The scheme of experiment system is as follows: 1. Three Kinect sensors were used to scan the left, front and right sides of human face simultaneously.
2. A refined bilateral filtering algorithm was used to eliminate noise in scanned point clouds.
3. An ICP algorithm was used to register the left and front point clouds roughly . 4. A refined registration algorithm was subjected to the roughly-registered point cloud. 5. By repeating the previous two steps, the refined point cloud for left and front faces was registered with the right face of point cloud, which produced a full point cloud of a human face.
Due to the influence of light reflection, a Kinect-scanned frame of human face often produces many small hollow areas. To solve the problem, 8 frames were scanned continuously at the same position. As the Kinect can produce 30 frames per second, the time for scanning 8 frames can be ignored.
Denoising Algorithm of Point Cloud
Due to the influence of device itself and external environment, original data of point cloud are often polluted by noises. Although a bilateral filtering algorithm [12] can maintain the edge and detail information, it needs big calculation with low efficiency.In this paper, a refined bilateral filtering algorithm was proposed. Firstly, continously-scanned frames of point cloud were averaged. If the distance between a certain point and its surrounding points is 1.5 times larger than the average distance, the point is regarded as noise. With spatial distance and point similarity among the neighborhoods around a target point taken into account, different Gaussian weight values were given. The weighted average can remove small noise. The traditional bilateral filtering algorithm has big calculation for all noise points. The proposed method only calculates the Gaussian weight of the points with small noises, which can reduce computation enormously.
Point Cloud Registration Ideology
As shown in Fig. 2 , point cloud P (red) and point cloud Q (blue) scanned by Kinect sensor are usually not in the same coordinate system. Point cloud registration means that the two sets of point clouds must be translated into a same coordinate system through two matrices, i.e., rotation matrix R, and translation matrix t. ICP algorithm [7] is most commonly used for point cloud registration. Although it can produce high precision for point cloud registration, it runs with big calculation. In this paper, a point feature histogram descriptor (PFH) was adopted to match corresponding points in different sets of point cloud to improve the ICP algorithm. Then, a refined shared nearest neighborhood clustering algorithm (RSNN) was applied to speed up the ICP algorithm.
Rough Registration Algorithm of Point Clouds Based on PFH
1. Suppose K neighborhoods of a source point in a registration area of point cloud P could be sorted out by a KD-tree algorithm. The source point is described by the PFH which produces its point feature histogram. According to the point feature histogram of the source point in point cloud P, a closest point called matching point is obtained in point cloud Q. An OpenMP parallel computation procedure is used for the searching of all other matching points.
2. Random sample consensus algorithm (RANSAC) [13] was applied to remove wrong match points, in which the accuracy of point cloud registration can be improved.
3. For the registered points, a covariance matrix is built by singular value decomposition method (SVD) [14] , which produces transformation parameters of the coordinates, i.e., rotation matrix R and translation matrix t. Thus, new point clouds and can be obtained by the Eq. 1 and Eq. 2:
Fine Registration Algorithm of Point Clouds Based on RSNN.
For precise registration of point clouds, the rotation matrix R and the translation matrix t need to be calculated iteratively. The normal ICP algorithm sorted out the nearest point through the distance between any two feature points, which results in big computation. In this paper, a RSNN algorithm was used to locate the nearest point between two point clouds, in which the searching time can be dramatically reduced.
Set an objective function as the Eq.3.
The procedure of point cloud registration will not stop until the objective function reaches its minimum. The procedure in detail is as follows:
1. The RSNN algorithm is used to search the nearest point according to smallest Euclidean distance between two points. The process does not stop until all registration points were matched.
2. The covariance matrix is constructed based on the registration points, and a method of singular value decomposition (SVD) is used to build the matrix. The rotation and translation matrices with smallest average distance between the registration points are obtained, and the rigid transformation matrix was obtained by this iteration parameter as the next iteration of the initial transformation parameters.
3. Repeat the above two steps until the objective function reaches its minimum. At the end of the above procedure, the final rotation matrix and translation matrix can be achieved, and point cloud registration will be accomplished.
Results and Discussion
This paper aims to obtain 3D point cloud of full human face accurately and effectively. Procedure of point cloud registration was evaluated in terms of the number of iterations, running time, and registration accuracy. The accuracy of point cloud registration was calculated according to the root mean square error (RMSE) of the distance between the registration points. When the RMSE is small, the accuracy of point cloud is high.
In order to examine the performance of the proposed algorithms in this paper, three point cloud registration algorithms, i.e. the ICP algorithm based on PFH (point cloud registration algorithm 1, or PCR1 in short), the ICP algorithm based on RSNN (point cloud registration algorithm 2, or PCR2), and the ICP algorithm based on PFH and RSNN (point cloud registration algorithm 3, or PCR3), were compared with the normal ICP algorithm [7] , the ICP algorithm based on KD-tree [9] . Table 1 shows the results of performance of these algorithms. In terms of the number of iterations, running time and the RMSE, the three point cloud registration algorithm proposed in this paper are better than the normal ICP algorithm [7] and the ICP algorithm based on KD-tree [9] . Obviously, the introduction of PFH or RSNN algorithms into the ICP algorithm can dramatically improve point cloud registration with higher accuracy and shorter calculation time.
Compared with the PCR1 and PCR 2, the PCR3 produced smaller number of iterations, shorter running time and lower error of registration. Thus, the combination of PFH and RSNN algorithms can contribute to better performance in the application of ICP algorithm to 3D point cloud registration. 
Summary
In this paper, the PFH and RSNN algorithms were introduced to improve the performance of the ICP algorithm in terms of the number of iterations, the running time and the root mean square error (RMSE) of the distance between the registration points. The experiment shows that refined point cloud registration algorithm proposed in this paper is efficient for 3D digitization of full human face.
